Purpose Mouse embryonic fibroblast feeder layers (MEF) have conventionally been used to culture and maintain the pluripotency of embryonic stem cells (ESC). This study explores the potential of using a novel human endometrial cell line to develop a non-xeno, non-contact co-culture system for ESC propagation and derivation. Such xeno-free systems may prove essential for the establishment of clinical grade human ESC lines suitable for therapeutic application. Methods A novel line of human endometrial cells were seeded in a 6-well dish. Filter inserts containing mouse ESCs were placed on these wells and passaged 2-3 times per week. Inner cell masses derived from mouse blastocysts were also cultured on transwells in the presence of the feeder layer. In both cases, staining for SSEA-1, SOX-2, OCT-4 and alkaline phosphatase were used to monitor the retention of stem cells. Results ESC colonies retained their stem cell morphology and attributes for over 120 days in culture and 44 passages to date. Inner cell mass derived ESC cultures were maintained in a pluripotent state for 45 days, through 6 passages with retention of all stem cell characteristics. The stem cell colonies expressed stem cell specific markers SSEA-1, Sox 2, Oct-4 and alkaline phosphatase. Upon removal of the human feeder layer, there was a distinct change in cell morphology within the colonies and evidence of ESC differentiation. Conclusions Human feeder layers offer a simple path away from the use of MEF feeder cells or MEF conditioned medium for ESC culture. Furthermore, indirect co-culture using porous membranes to separate the two cell types can prevent contamination of stem cell preparations with feeder cells during passaging.
Introduction
Embryonic stem cells (ESCs) are derived from the inner cell mass (ICM) of mammalian blastocysts. Original studies in the early 1980's showed that stem cells derived from the inner cell mass of mouse blastocysts were pluripotent and could proliferate continuously in an undifferentiated state [13, 22] . The first derivation of a human ESC line was reported by Thomson et al. [31] . The human embryonic stem cell (hESC) line retained its pluripotency during in vitro propagation and was capable of differentiation into all three germ layers, i.e. endoderm, mesoderm and ectoderm. Derivation of human ESC lines in early studies required the use of a mouse embryonic fibroblast (MEF) feeder layer [25, 31] . Cytokines, growth factors, and extracellular matrix (ECM) components, as well as a myriad of as yet undefined components in the MEF cell culture milieu, apparently have the ability to sustain the pluripotency of human, as well as monkey and mouse ESC in vitro.
The unique ability of ESCs to differentiate into a desired cell lineage with specific signaling makes them an invaluable tool for research in drug development, cell regeneration and delivery of gene therapies. For such applications, ESC culture with animal feeder cell layers may be undesirable due to the potential risk of pathogen transmission and viral infection [4, 26, 27] . For the therapeutic potential of ESCs to be effectively exploited, it will likely be necessary to develop "clinical grade" ESC lines that have been cultivated without direct exposure to animal tissues.
Attempts to overcome this problem have led to the cultivation of hESCs in MEF conditioned media [21, 33] or on an extracellular matrix with growth factors [19] . Others have suggested that hESC encapsulation and 3-D culture in a hydrogel in combination with MEF -conditioned medium may provide some benefit, allowing self renewal without passaging [15] . Xeno and feeder-free culture in chemically defined medium supplemented with ECMs, high levels of growth factors and signaling molecules is another attractive path towards creating therapeutic grade hESC lines, standardizing culture conditions and reducing work load. [2, 4, 5, 21, [33] [34] [35] . However, such media systems can be complex, costly and require diligent attention to prevent undesired differentiation of ESC colonies on the periphery of the cultures.
An alternate approach has been the use of a variety of different human cell types as feeder layers for co-culture of ESCs. The cells used include fetal fibroblasts [12, 28] , foreskin fibroblasts [3, 7, 16] , placental fibroblasts [14] , human marrow stromal cells [6] and human endometrial cells [20] . Commercially available human embryonic stem cell lines themselves may also be useful as feeder cells for propagation of other hESC lines as well as for the derivation of new hESC lines from human embryos [32] . Still, any type of direct contact between the hESCs and the feeder cell layer, even if of human origin, carries the potential threat of contamination with the feeder cell population, making their use for future therapeutic transplantation into patients more difficult.
In the present study we describe a non-contact co-culture model for ESC propagation using a novel human endometrial cell line as a potential alternative to MEF feeder cells. We tested this model first for propagation of a commercially available mouse ESC line and then for establishment of ESC cultures from the inner cell mass of mouse blastocysts.
Materials and methods

Human endometrial cell line
The human endometrial cell line described in this investigation was initially isolated from benign proliferative endometrium. This cell line has since undergone more than 45 passages, retaining its epithelial cell morphology and characteristics [10, 11] . The endometrial cell line was maintained in modified α Minimum Essential Medium supplemented with 5 % heat inactivated fetal bovine serum (Life Technologies; Grand Island, NY). Culture flasks were incubated in a humidified chamber at 37°C with 6 % CO 2 . The cell line was passaged every 4-5 days.
Transwell permeable supports (Corning Incorporated, Corning, NY) with 12 mm polyester (PET) membranes (pore size 0.4 μM) were used for co-culture in 6-well plates. The porous membrane filters are permeable and transparent, allowing the sharing of media and secretions while creating a physical separation between the two cell types. Human endometrial cells were seeded into the dish at a concentration of either 15,000 or 30,000 cells per well. The endometrial feeder layers were utilized for ESC co-culture when they were 40-50 % confluent. The membrane insert with ESC colonies was transferred to a fresh endometrial feeder when the initial feeder layer reached~75 % confluence.
Mouse embryonic stem cell line
The culture medium for all stem cell work was ESC-Sure DMEM (Applied Stem Cell; Menlo Park, CA) with 20 % ESC-Sure fetal bovine serum (FBS; Life Technologies; Grand Island, NY) supplemented with 10 ng/ml mouse leukemia inhibitory factor (LIF; Stem Cell Technologies; BC, Canada), 2.0 mML-glutamine, 0.1 mM non-essential amino acids, 1.0 mM sodium pyruvate, 0.1 mM ß mercaptoethanol, 100units/mL penicillin and 100 μg/ml streptomycin (all from Invitrogen; Carlsbad, CA).
A commercially available mouse ESC line ASE-9005 was purchased (Applied Stem Cell; Sunnyvale, CA). Embryonic stem cells were seeded on the porous membrane of the Transwell insert at a concentration of 2-3000 cells/well. A media half -change was performed every 48 h. Cultures were monitored daily and photographed. ESC cultures were passaged when colony diameter reached 100-120 μm. Colonies were trypsinized and new wells were seeded. Inserts with ESC colonies were moved to wells with new feeder layers when the endometrial monolayers approached 75 % confluence.
Mouse blastocyst derived stem cells
One cell mouse zygotes from a B6D2F1 x B6C3F1 cross were purchased for stem cell isolation (Charles River Laboratories; Wilmington, MA). Embryos were thawed and cultured in Global medium (Life Global; Guilford, CT) supplemented with 10 % Serum Protein Supplement (SPS; Trumbull, CT) for 6 days. On day 6, the zona pellucida was removed from blastocysts using mechanical pipetting along with laser opening of the zonae. Embryos were placed on the Transwell inserts and co-cultured in stem cell medium with the human endometrial feeder layer. ICM outgrowths formed 1-2 days after plating were microsurgically excised. The ICM clumps were placed in a 20 μl drop of 0.5 % trypsin/EDTA solution for 3 min, after which an equal volume of FBS was added to inactivate the enzyme. The ICM clumps were then disaggregated using a drawn glass micropipette. The dispersed ICM cells were then seeded into a new Transwell insert and placed on a fresh endometrial feeder layer. Five days after the seeding of ICM cells, dome-like colonies started to appear. Individual ESC-like colonies were manually selected and once again disaggregated with trypsin-EDTA. This process was repeated for further expansion of the ICM derived stem cells. However, it was not necessary to manually select colonies after the second passage. Instead, the entire filter was trypsinized. Any colonies lifting off were collected, disaggregated and placed in new Transwell inserts. Colonies were passaged after reaching diameters of 100-120 μm. At each passage the insert with stem cells was placed on a fresh feeder of endometrial cells.
Characterization of embryonic stem cells
The mouse ASE-9005 ESC line and the ICM-derived stem cell cultures were tested for pluripotency using a commercially available kit for mouse ESC characterization (Applied Stem Cell; Menlo Park, CA). We tested for four markers of undifferentiated mouse stem cells, namely expression of SSEA-1, Sox-2, and Oct4, as well as alkaline phosphatase activity.
Staining was performed as per manufacturer's instructions with slight modifications to accommodate ESC growth on membrane filter inserts. Membrane inserts with ESC cultures were carefully rinsed with phosphate buffered saline (PBS) before staining, taking care not to dislodge the colonies. The ESC colonies were then fixed on the membrane by adding 4 drops of fixing solution. After one hour at room temperature, fixative was removed with three 5 min rinses with PBS. Approximately 4 drops of permeablizing solution were placed on top of each membrane for 30 min at room temperature, followed by another PBS rinse. Blocking solution was applied to each membrane for one hour before application of primary antibodies. Aliquots (35-40ul) of SSEA-1, SOX-2 and Oct-4 were placed on separate glass slides. Membranes with ESC colonies were carefully cut out of the Transwell inserts and placed colony side down on the different slides with primary antibody. Slides were enclosed in a humidified chamber and incubated overnight at 4°C. The next morning, the membranes were rinsed before application of the appropriate secondary antibody for one hour at room temperature. This last incubation and all subsequent steps were performed in the dark. The specificity of each antibody was verified with concurrently run negative controls. Upon completion of labeling with secondary antibodies, the membranes were once again rinsed. A DNA staining solution was then applied for 8-10 min. Membranes were placed colony side up on slides with mounting solution and cover slipped. Confocal laser microscopy with optical sectioning was used to examine immunoflourescent staining for stem cell markers.
Alkaline phosphatase in ESC cultures was detected using the rapid sensitive alkaline phosphatase test provided in the stem cell characterization kit. Alkaline phosphatase test solution (80-100 μl) was placed directly on the ESC colonies growing on the membrane insert. After 2 h of staining at room temperature, the membrane was mounted on a glass slide and cover slipped. Alkaline phosphatase activity in colonies was visualized using light microscopy.
Results
In this investigation we explored the possibility of using a novel human endometrial cell line as a feeder layer for ESC culture. We elected to use the Costar Transwell dishes in developing this co-culture model to prevent direct contact between the human feeder layer and the mouse stem cells. This prevented contamination of our stem cell cultures with the feeder cells. Testing was initially done by following the growth of an established stem cell line, ASE 9005, with the endometrial feeder. We later determined that this human feeder was also able to support growth of stem cells derived from the inner cell mass of mouse blastocysts.
The ASE-9005 mESC line adapted quite nicely to growth on the membrane suspended above the endometrial cell feeder (Fig. 1a-c) . ESC colonies proliferated rapidly, necessitating at least two passages per week. With time in culture, the growth rate accelerated, requiring the reduction of the number of cells seeded onto the insert. Seeding with 2-3000 cells appeared to be optimal. Colony morphology was consistent through passages. Stem cells formed a tight amorphous mass of cells with a distinct border and paralleled the morphology typically observed in our laboratory with ESC grown directly on a MEF feeder layer (Fig. 1d) . Cells had the high nucleus/cytoplasm ratio associated with pluripotent cells. We often noted signs of differentiation if colonies on the insert were allowed to grow much past a diameter of 120 μM. Cells started to spread, flatten and there was a loss of border integrity. Cells on the edge of the larger colonies tended to round up and cytoplasmic membranes of individual cells became more clearly evident.
This culture model facilitated extended passaging and expansion of ESC colonies, without feeder cell contamination. Colonies could be selected and removed from the porous membrane insert with a glass micropipette. With carefully controlled passaging, ESC colonies have retained their stem cell morphology and attributes for over 120 days in culture and 44 passages to date. The stem cell colonies cultured in our non-contact co-culture model expressed stem cell specific markers SSEA-1, Sox 2, Oct-4 and alkaline phosphatase (Fig. 2) . Light microscopic scanning of the membranes revealed that over 80 % of the colonies were strongly positive for alkaline phosphatase activity. We were able to successfully cryopreserve these stem cells at various passages. Upon thawing and re-plating in fresh co-culture wells, approximately 70 % of cells were able to attach to the membrane surface and form new ESC colonies. The newly propagated colonies, as well as sub-passages continued to express stem cell specific markers.
The second question of obvious importance was whether or not this system would be effective for derivation and propagation of stem cells isolated from embryos. To this end, we isolated the ICMs from 21 day 6 mouse blastocysts using laser excision and microsurgical dissection. Amongst the isolated ICMs plated in groups on the membrane inserts, 19 of 21 were able to attach and propagate. The human feeder supported expansion of all of the ESC cultures initiated. The ICM derived cultures were monitored daily for morphologic changes and stained on day 4 and 7 post-isolation for stem cell specific markers. Staining was strong for SSEA-1, Sox-2 and alkaline phosphatase activity. Staining for Oct-4 was distinctly present and increased in intensity over the first few Fig. 1 a- passages. ICM derived ESC cultures were maintained in a pluripotent state for 45 days, through 6 passages with retention of all stem cell characteristics (Fig. 3) . Upon removal of the human feeder layer, there was a distinct change in cell morphology within the colonies and evidence of ESC differentiation. After 10 days growth without the feeder, we observed beating cardiomyocytes in one of our stem cell preparations.
Discussion
MEF feeder layers have long been an effective and reliable tool for derivation and propagation of ESCs from various animal species, as well as humans. The search for improved methods and efforts to develop non-xenogenic culture systems has led to interest in human-derived feeder cells. In this study, we describe a new non-contact co-culture system for the cultivation of mouse ESCs that uses a novel human endometrial cell line. This cell line has previously been demonstrated to have embryotrophic properties [11] and to secrete numerous cytokines [10] . The cell line has been used for the co-culture of human embryos during IVF to enhance pregnancy outcomes in patients with repeated IVF failures and/or poor quality embryos [8] . For these reasons, we believed it might be a good alternative to animal feeder cell layers, like MEF, for ESC growth.
Human endometrial cells are known to express various factors including growth factors like IGF, EGF, TGF ß, the cytokines CSF, LIF, Inteleukin-1 and 6 [10, 23, 30] , as well as cell adhesion molecules like ECM and integrins [24, 29] for controlling embryonic development and successful implantation in the reproductive track. All of these factors are known to be key regulators in maintaining the ESCs in an undifferentiated state [3] .
Our laboratory has already shown that isolated mouse ICMs, both fresh and vitrified, can be successfully cultivated in a noncontact system with MEFs as a feeder [9] . Unlike MEF cells, which are primary cultures, the human endometrial cells used in our model have the advantage of being a permanent, established epithelial cell line. The cells are easily passaged, can be grown indefinitely and can be cryopreserved to ensure consistency in feeder layer preparation. The Transwell membrane inserts with ESC colonies can be moved to fresh feeder layers as needed without having to trypsinize the ESC colonies. Separation of the ESC colonies from the endometrial feeder layer via the porous membrane facilitated colony passaging and prevented carryover of feeder cells to the ESC preparation, a problem inherent to techniques involving the direct growth of ESCs on feeder layers. Colonies could be selectively removed from the membrane with a micropipette and then enzymatically dispersed for seeding of new ESC cultures.
Other published studies have used porous membranes as a physical barrier, with ESCs and feeder cells seeded on opposite surfaces of the membrane [17, 18] . Both cell types were therefore more closely juxtapositioned than in our study. Kim et al. showed migration of MEF and STO feeder cells upward through the filter depending on pore size of the membrane. A pore size of 1 μM or less was necessary to eliminate direct interaction between the feeder layer and the hESC. Abrahams et al. used an indirect co-culture model similar to ours to propagate human pluripotent stem cells with a human fibroblast feeder layer. These authors observed that human pluripotent stem cells (hPSCs) did not attach to the PET membrane unless it was pre-coated with human fibroblast-derived extracellular matrix [1] . We had no such problem with mESC attachment to the PET membrane and our mESC line was successfully propagated in an undifferentiated state for over four months. It may well be that hESC are more sensitive than mESC, perhaps requiring closer contact and/or the presence of extracellular matrix extracts. Another consideration is that feeder layers of epithelial nature like our cell line may be contributing specific factors and/or matrix components that are particularly beneficial.
In a comparative study of the effectiveness of different feeder cell preparations for human ESC propagation, fetal muscle, fetal skin and adult skin were amongst the top ranking feeders [28] . Primary feeder layers established from adult glandular endometrium and adult stromal endometrium explants were found to be non-supportive of hESC growth. In contrast, Lee et al. were able to successfully derive and maintain hESCs through 55 passages on primary cultures derived from enzymatically digested adult human endometrium. The hESCs exhibited all typical hESC traits, stem cell markers and the ability to differentiate. Investigators concluded that expression of embryotrophic factors and extracellular matrix components by endometrial cells may prove to be advantageous in establishing stem cell lines. In all of the aforementioned studies, the hESCs were in direct contact with the human feeder cell layer and in most of the studies the feeders were mitotically inactivated. Our culture Fig. 3 Mouse ICM derived stem cells propagated and expanded using the non-contact endometrial co-culture system, shown at passage 6. Colonies were stained for expression of a Oct-4 b SSEA-1and c Sox-2 system is unique in that we have the benefit of an actively proliferating feeder layer with its associated secretions, conditioning the ESC medium without direct contact between the two proliferating cell types.
The results of this study demonstrate that our human endometrial feeder layer is capable of sustaining the undifferentiated growth of mouse ESCs. Additionally, we establish that direct contact between stem cells and feeder cells is unnecessary for their successful proliferation and for maintenance of pluripotency. The system facilitated the maintenance of the mouse ESC line for over 120 days through 44 passages, during which time the ESCs retained expression of SSEA-1, Sox-2, and OCT-4 and were positive for alkaline phosphatase activity. Initial results also indicated that our noncontact co-culture system was useful for deriving ESC cultures from the inner cell mass of blastocyst stage embryos.
One of the limitations of this study was our lack of access to human stem cell lines for further testing of our culture model. We feel our data support the potential application of this type of non-contact, non-xeno model for hESC work. We are currently in the process of approaching regulatory bodies at our clinic to obtain the necessary permissions to expand this work to include stem cell derivation from frozen human embryos donated for research. We hope that such a study will help to validate our human endometrial cell line as a feeder layer suitable for the growth of hESCs in a xeno-free, non-contact co-culture system as presented in this preliminary investigation.
Conclusion
Further exploration of this culture model for derivation and propagation of clinical grade hESC lines is warranted. Movement away from animal cell feeders may aid in the transition of ESC research to the clinical setting and to stem cell-based therapies. Chemically defined media formulations completely free of any animal products still need further refinement and optimization to become widely accepted for large scale production of stem cells. In the mean time, human feeder layers offer a simple path away from the use of MEF feeder cells or MEF conditioned medium for ESC culture.
